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Operating DC Circuit Breakers with MMC

Oliver Cwikowski, Alan Wood, Member, IEEE, Allan Miller, Senior Member, IEEE, Mike Barnes,
Senior Member, Roger Shuttleworth

Abstract— High Voltage Direct Current (HVDC) grids may be
protected from dc faults through the application of HVDC circuit
breakers. Recent advances in dc circuit breaker technologies may
allow faults in the dc grid to be cleared without a permanent loss
of power to the connected ac grids. The requirements for the
protection have yet to be fully defined; especially where half
bridge modular multi-level converter controls are concerned.
This paper investigates integrating dc circuit breakers with half
bridge MMC converters, specifically looking to at how to recover
from a pole-to-pole fault. The fault response of the converter to a
fault is analyzed in depth. This analysis highlights key stages in
the converter response to a dc fault, allowing the MMC fault
currents to be predicted. This analysis is then verified in PSCAD
simulations and the power flow recovery is shown. The converter
controls are investigated, improvements made to the power flow
recovery, and the need for arm current controllers highlighted.

Index Terms— HVDC, Grid, Protection, dc, Circuit breaker
VSC, MMC, Control.

I. INTRODUCTION

IGH Voltage Direct Current (HVDC) circuit breakers are

being considered as a potential method of providing short
circuit protection in future HVDC grids [1]. Presently, only
two voltage source converter (VSC) HVDC grids exist in the
world [2, 3]. The power rating of these grids is low enough,
relative to the maximum infeed loss limitations, to allow dc
faults to be cleared through a philosophy of current diversion
and ac side isolation, which is the traditional choice for VSC
HVDC transmission.

In future grids, if the infeed loss requirements of the ac
grids cannot be met with the traditional protection, new
technologies will be needed. Two new technologies being
considered are: Fault Blocking Converters (FBCs) and HVYDC
circuit breakers.

Recent advances in HVDC circuit breakers show short
interruption times (<5 ms) can be achieved with novel
topologies [4-6]. Many topologies have been proposed and
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industrial prototypes have been developed.

Several FBC architectures have been proposed, along with
associated novel control schemes [7-10]. These converters
may be used in conjunction with HVDC circuit breakers to
reduce equipment requirements and minimize the disturbance
that is caused to the ac grid by a dc fault [11, 12].

However, HVDC breaker interactions with the control of
Half Bridge (HB) Modular Multi-level Converters (MMCs),
the presently preferred topology, have received little attention.
The impact fault clearing will have on the HB-MMC’s
operation and the disturbance seen by the ac grid, are
important areas of study in order to assess the suitability of
future HVDC connections and protection requirements.

The impact that dc protection systems have on the operation
of the ac and dc grids has been investigated previously [13].
However, such analysis looks at the impact of the HVDC
circuit breakers on voltage stability, and not when faults occur.
System integration aspects are discussed in [14], but they do
not look at the converter fault response or recovery in depth.

Fault currents have been investigated in [15], but assume
that the dc fault current is significantly larger than the ac side
fault currents and that the converter takes no preventative
action against dc faults.

Controls have been investigated for the HB MMC when the
converter is not blocked during a dc fault, implying a high dc
side impedance [16]. Such control is excellent for the
converters in the grid which are not exposed to a significant
over current.

This paper investigates how the HB MMC responds and
recovers from a pole-to-pole fault. PSCAD simulation results
are used to verify the fault analysis and it is shown that
additional converter controls can be used to prevent
unnecessary blocking of the converter, improving the power
flow recovery with respect to the ac grid.

The paper’s main contribution is detailed analysis of a
terminal pole-to-pole fault. The fault analysis can be used to
predict fault currents and if modified can be used to solve for
the converter’s arm currents. This work will also allow the
initial conditions relevant to controller design to be predicted,
which will be useful for the designs of more suitable
controllers. This paper discusses some of the challenges in
developing a robust controller and in predicting the state the
converter will be in during the recovery process.

Il. OPEN GRID PROTECTION

Open Grid dc protection was first proposed by GE/Alstom
in [17], and is an alternate way to operate dc circuit breakers,
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and was chosen for this work as it allowed the protection
sequence of Fault-Isolation-Reclose-Recovery (which is the
basic duty for a circuit breaker) to be investigated for a single
converter easily. This protection philosophy was developed to
reduce the number of dc circuit breakers, component ratings,
and reduce operating time of the dc protection system.

When operating the circuit breakers with an Open Grid
philosophy, when any circuit breaker detects a fault on the
system, it first opens, even before it has been confirmed that
the fault is within its protective zone. As all circuit breakers in
the dc system have been opened, the fault is definitely cleared.

A method of establishing which circuit breakers to reclose
is required, and will be performed by dc relays; for this paper
it is assumed that the breakers always reclose for the converter
under investigation, however significant developments are
being made in the area of dc relays [18].

This circuit breaker operation allows the protection
sequence for a single converter to be analyzed irrespective of
grid topology or circuit breaker relaying method.

The system under investigation in this paper is shown in
Fig. 1. First, a pole-to-pole fault is applied to the MMC
converter. The fault is cleared by a HVDC circuit breaker,
reducing the over currents. The converter is then able to
unblock and attempt to reestablish power flow to the ac grid.
This paper describes and improves this process. The pole-to-
pole analysis is general enough to be applied to any HB
MMC, however for different protection system designs the
timing of key transitions will change.

I1l. HVDC CIRCUIT BREAKERS

HVDC circuit breakers are required to generate their own
zero crossings. This has led to a number of topologies being
developed that contain large power electronic elements. Out of
these designs has come a standard type known as Hybrid
breakers. Hybrid breakers attempt to combine the benefits of
mechanical circuit breakers and power electronic switches, to
form high speed, low loss dc circuit breakers. Several
manufacturers have developed industrial prototypes that are of
the hybrid form [5, 19]. Plans exist for a full scale HVDC
circuit breaker to be installed [6].

For the purposes of this paper the circuit breaker has been
modeled as an ideal mechanical switch with an interruption
delay, in parallel with a semiconductor circuit breaker, as
shown in Fig. 2[14]. The semiconductors are protected from
overvoltage by a varistor stack. The parameters used in the
circuit breaker model are given in Table I.

The semiconductor stack is modeled as a single device (per
direction) with parameters scaled to match the stack of
devices, using data from [20].

The knee voltage refers to voltage across the varistor at
which it starts to conduct a significant current (10 A); K, is the
ratio of peak voltage across the varistor to the knee voltage.

An RCD snubber circuit is also simulated across the
secondary branch, and is required to limit the turn off losses in
the main breaker; this has been modeled as a single RCD
snubber circuit with equivalent stack parameters.

______________________________
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Fig. 1. System under investigation.
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Fig. 2. Layout of circuit breaker model.

TABLE |
Circuit Breaker Parameters.
Lgc 0.1H Snubber Cap 0.234 puF
Von 904 V Interruption Time 4 ms
Ron 0.1Q Detection Time 1ms
N.umber-of 149 Knee Voltage 320 kV
series devices K, 15

IV. SYSTEM GROUNDING AND CABLE MODEL

A. Grounding

The system grounding for the symmetric monopole system
used is shown in Fig. 3. The cable’s sheath is grounded at each
converter station and the ideal three phase star voltage source
has a grounded star point in each AC grid [21].

The grounding of the converters is an important
consideration for MMCs and changing the grounding
configuration will inherently change the fault currents, as there
is a different electrical circuit. There are several options for
grounding in meshed HVDC grids [22]. However, the analysis
presented in this paper can be modified to suit changes. There
will be different methods of calculating fault currents for
typical dc grid layouts and ground schemes.

B. Cable Model

The cable is represented using a Frequency Dependent
Phase Model (FDPM) and is parameterized for a 300 kV
XLPE cable [23]. In this paper the cable voltage is commonly
referred to, and its location is shown in Fig. 3 as V.. This
voltage will oscillate during a dc fault depending on the cable,
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Fig. 3. System grounding and cable voltage.

cable joints, fault location, and impedance of the fault.
Changes in grid structure would also influence this voltage,
such as lines being out of service or additions to the DC
network. No attempt is made to make exact predictions of the
cable’s influence over the fault currents in this paper as
detailed knowledge of what transients would exist on the line
would be required to understand its full impact. All such
discussion surrounding the potential impact this could have on
the system is therefore qualitative.

V. HB-MMC POLE-TO-POLE FAULT ANALYSIS

The layout of an MMC is shown in Fig. 4. The MMC is
made from six arms which consist of stacks of Sub Modules
(SMs). Simplistically, from a protection point of view, the
converter can be in one of two states; unblocked, or blocked.

When the converter is unblocked, the control is capable of
influencing the state variables, through the manipulation of the
SMs. When the converter is blocked, the control is unable to
influence the state variables. During the period the converter is
blocked, the state variables are driven by the power system’s
forcing functions (ac and dc grid voltages etc).

Due to the converter’s switching trajectory, the circuit
cannot be described by a single equivalent circuit across the
entire protection time. As such, the converter’s fault response
must be broken down into a sequence of stages. Between each
stage within the sequence, the electrical circuit changes due to
a controlled or uncontrolled switching of devices within the
converter. The following sections describe key stages in the
MMC'’s fault sequence. These stages can occur very rapidly,
resulting in the converter’s equivalent circuit changing many
times before the circuit breaker is opened.

This analysis allows the fault currents to be described once
the configuration of the converter is known. The analysis is
kept general and includes the influence of the cable voltage
until the last step of simplification. The resulting equations are
therefore attempting to predict the fault currents from a 0 km
fault.

A. Stage A — Discharge

The converter’s first stage in the fault sequence is the
discharge stage. This stage starts at the moment the fault is
seen by the converter until the converter is blocked.

During this time the MMC’s SMs will discharge through
the dc side inductance, at a rate defined by the voltage that is
presented across the dc side inductor.

It is possible that before the converter is blocked the SM
sorting algorithm within the converter will change which SMs
are inserted. This potentially exposes all SMs within the
converter to some amount of discharge. Assuming that
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Fig. 4. HB Modular Multi-level Converter (MMC) and two dc circuit
breakers connected to a dc grid.
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Fig. 5. Stage A equivalent circuit diagram.
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significant discharge of the SMs is prohibited in order to
maintain the ability to switch the IGBTs within each SM, and
that the converter will attempt to maintain the dc link voltage
during this discharge, Fig. 5 shows the Thevenin equivalent
circuit and the fault current during this time can be estimated
using:

Vbce
Ipc,(8) = (1 + kTW)L_t + los 1)
Equ
2
LEqu = 2 LDC + §La (2)

Vpe is the dc link voltage at the moment the fault
occurs. kyy, IS a constant to compensate for the increased
voltage across the equivalent dc inductance caused by the
cable voltage; this value is bounded between 0 and 1, and it
proportionally relates the cable voltage to the dc link voltage
[15]. Lgg, is the Thevenin equivalent circuit inductance,
given by (2). The characteristic impedance of the cable is
assumed to small relative to the dc side reactor impedance.

An important note here is that when the arm current is
positive at the moment the converter is blocked, the inserted
capacitors will continue to discharge until the arm current has
reached zero. This can result in a slight delay between the
converter block signal being sent and the beginning of the
second stage.

B. Stage B — Free Wheeling

The second stage is the Free Wheeling stage. This stage
starts after the converter is blocked and continues, as is
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explained in this section, until the moment a current zero
crossing(s) occurs in a converter arm. The moment a zero
crossing occurs in any of the converter’s arms, the equivalent
circuit changes and another set of equations must be
developed.

Blocking a converter prevents the SM voltage from driving
the fault current. It also causes the fault current to commutate
out of the IGBTSs in the SMs and start to flow in the diodes of
the lower switches (D, in Fig. 4). At this moment all six arms
act as diode stacks, and each leg of the converter carries a
third of the dc line current. The converter layout is now
represented by Fig. 6.

As all six diodes are forward biased, this exposes all three
phases of the ac grid to a reduction in load impedance. Thus
the ac grid will be exposed to an increase in current. However
this will not be a short circuit to the ac system as the arm
inductors provide some impedance. The ac grid is not capable
of contributing to the dc fault current level at this stage, and
this is explained as follows.

Consider the voltage that would appear across §; and 9§,
(Voltage nodes marked on Fig. 4 and Fig. 6) due to the
influence of a single phase of the ac system. Providing the arm
impedances match, the ac system voltages, and impedances
are balanced, then each phase’s contribution to the dc link
voltage will have the same magnitude. This does not imply
that the ac grid is subjected to a balanced set of currents.
When the phase angle of these contributions is considered,
these contributions will sum to zero. Thus, the ac grid cannot
contribute to the dc fault while all six diodes are conducting.
The ac grid voltages will influence the arm currents during
this time.

However, the cable voltage is capable of forcing a change in
the dc line current during this time. The cable voltage can
become negative due to the inductive termination of the dc
lines, which can increase the fault current. The fault current
can be described using:

REQU g

Ipcg(t) = Ipze “Bau + Irw (Veap, t) @)
2R

REqu = Ta (4)

which is made up of two components; an exponentially
decaying initial current (ly;), and travelling wave
component Iy, .

While the freewheeling condition is maintained on the dc
side of the converter, the ac grid will be subjected to an
increase in current, which will flow through the converter’s
arms, but not into the dc circuit breaker. The ac grid current
will circulate in all possible paths within the converter.
However, the majority of the phase currents will flow in the
loops shown in Fig. 6. It can be seen that each phase-to-phase
voltage increases the current in two arms, and decreases the
current in two other arms. Each phase superimposes its own
contribution to each arm current on top of the dc component.
Fig. 7 shows a phasor diagram for the arm currents during this
freewheeling stage. Each arm current is the sum of a dc

component (IDTC), and an ac component (I.,,), as described by:

Rotation

Groﬁging
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|
\
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Fig. 7. Arm current phasor diagram, for Stage B. Dashed is negative of
solid phase current of same color. Inner circle marks magnitude of half the
phase current. Outer circle marks the magnitude of phase current.

REqu
loc | - _10_2 —LEqu(f—fB)_l_ = (5)

Ixn ? + Ixn - 3 Ixn

where x denotes upper or lower arm positions and n denotes
the phase leg. The ac component of each arm current (I, is
the difference of two separate phase current contributions.
During stage B the ac component of each arm current grows,
while the dc component decays. This will eventually lead to a
zero crossing in an arm, resulting in the converter moving to
the next stage.

During the analysis of this stage, a generic problem was
encountered that prohibited prediction of the time period the
converter spends in Stage B, which is the main reason the time
frames the converter spends in each stage could not be directly
predicted. The issue is due to state variables being the sum of
other state variables, making them dependent, one case being:
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IDC(t) = Iua(t) + Iub(t) + Iuc(t) (6)

This results in a singular matrix being formed during the
state space anlaysis, which cannot be inverted. This prevents a
prediction of the first zero crossing being made. If this
problem can be overcome, then predictions for the time frame
spent in each stage can be made, without the need for
simulation. The other stages of the converter response do not
encounter this issue. This is known as a cut-set problem.

C. Stage C — Three Diode Rectifier

Stage C starts at the moment three arms of the converter
arms start conducting and ends at the next switching event.
Fig. 8 shows the converter configuration for Stage C, when
three of the converter diodes are conducting. The three
conducting diodes are spread across both upper and lower
arms.

Fig. 8 can be reduced to the circuit in Fig. 9, where delta
connection at the converter’s terminals has been converted
into an equivalent star connection. Ly and Ry are the ac grid
impedances referred to the converter side of the transformer.
This circuit can then be reduced into a Thevenin equivalent
circuit shown in Fig. 10, when the circuit resistance is
assumed to yield much lower impedance than the
inductors. V., is the cable’s voltage at the point where it
connects to the converter.

Using the Laplace transform is given by:
sin (8,)s + cos (6,)w

(1)2 + SZ (7)

L{sin (wt +6,)} =

the dc fault current can be described by:

V3|7,
IDCC(t) = # [1 — COS((IJaCt + GC)] + IOC (8)
T%ac
Where
3
Ly =2Lac +3 (Lo +Ly) ©)

l7pnu is the peak phase-to-neutral voltage that connects to the

conducting upper arm during this period, V,; is the peak line-
to-line voltage. The caret symbol (*) is used to denote peak
throughout this paper. For the opposing diode configuration
(two upper arms, one lower arm conducting) this voltage
would be the phase to neutral voltage connected to the
conducting lower arm. The cable voltage has been ignored in
(8) to provide a simplified result.

D. Stage D — Four Diode Rectifier

Another possible pseudo-rectifier operation is when four of
the diode stacks in the converter are conducting. It is assumed
that the four diodes are spread evenly across the upper and
lower arms. The converter configuration is given in Fig. 8,
with the additional upper arm diode marked in red. The
equivalent circuit diagram is given in Fig. 9 with the
additional arm path highlighted.

Assuming low circuit resistance, and considering the
voltages and impedances to the right of nodes &, and &, then a
reduced equivalent circuit can be found for this configuration,

Stage D

Idc $
Stage C ? #

Fig. 8. Stage C & D Converter configuration diagram. The additional diode
for Stage D is highlighted in red. For Stage C this arm acts as an open circuit.

1

T
R, |Stage D

—

Fig. 9. Reduced equivalent circuit for stages C & D.

Zde

3
E[Lﬂ + L’g]

52 &
Fig. 11. Reduced equivalent circuit for Stage D.

shown in Fig. 11, indicating that only two of the phases are
capable of providing a net contribution. Phase B in this case,
cannot as the two contributions to voltage Vg,, across the two
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impedances L, + L, sum to zero, as they act in opposing
directions and have the same magnitude. This will hold true
providing that the converter arm and ac system impedances
are balanced.

Fig. 11 can then be reduced to the Thevenin equivalent circuit,
shown in Fig. 12, whose inductance is given by:

2Lo(Lg + Ly)(Lg + 2LY)

Loy =
™0 7 1 (La + 2L) + Lo(2Lg + 3LY) (10)
and Thevenin voltage is given by:
|I7LN|\/§ L, T
V512 = 5 —La n Lfg [COS (a)act + § + 90)] (11)

This reduction has been performed using a star-delta transform
on the nodes marked (t,o,v) in Fig. 11, then by subsuming
impedance L, + Ly into one of the delta impedances, the
circuit can be transformed back into a new star connection
with reduced complexity.

Using the Laplace transform given in (7) and assuming the
cable voltage influence is small, current during Stage D can be
described by:

LaV3] V] :
2(Lynp + 2La)(La + Lg) (12)
— cos(wgct + 6p)] + Iop

Ipcp () =

E. Stage E — Fault Current Decay

The final stage occurs at the moment the circuit breaker
starts to generate the opposing voltage which starts to interrupt
the fault current. The circuit breaker could open during any
one of the stages described in the fault analysis sections of this
paper. Hence is it important to understand the conditions that
the circuit breaker may open under as the voltage Vs, will be
different depending on the converter’s configuration. Three
possible values of voltage Vs, are given by:

Vbc

w

Ewénu

Vin[V3 L
2 Lo+

However, for the case study results show in Section VII, the
circuit breaker opens when the converter is in Stage C.

Based on the analysis presented in Section V.C, a reduced
equivalent circuit can be derived for the moment at which the
circuit breaker first attempts to interrupt the current,
generating a voltage source (V.g) to oppose the flow of
current, as shown in Fig. 13.

The current during this stage can be estimated by:

Vsiz2 = (13)

kVVIND

IDCE(t) = lop — L (t—tg) (14)
Equ

Assuming that the ac system voltages, cable voltage, and
varistor voltages are constant. k,, is the allowed overvoltage
ratio. I, is the initial current at the start of Stage E. tz is the
time between fault inception and the circuit breaker attempting

to interrupt the fault current. Viyp is the voltage across L.
2L,

LTth

Fig. 12.Thevenin equivalent circuit for Stage D.

2L,

3
2 [La + L’g]

Fig. 13. Stage E: Reduced equivalent circuit when opening in stage C.

From this analysis it can be seen that when a circuit breaker
opens in Stage C, in order for the varistor to force a negative
current change in the fault current, the varistor voltage must be
able to overcome 1.5 times the ac phase to neutral voltage plus
any additional influence from travelling waves, based on:

(15)

3
Vinp = EVpnu —Veg = Vean

However, what value of cable voltage is suitable for design
purposes is not clear, as this voltage is likely to vary
depending on the dc grid arrangement, as will be discussed in
further detail in Section VII.C. If the cable voltage becomes
negative, due to reflections in the dc grid, this may change the
power flow recovery profile or damage the circuit breaker.
This represents a lower limit for the peak voltages expected
across the circuit breakers.

VI. CONVERTER CONTROLS

As the converter is used in a new transmission environment,
there will be a change to the converter’s requirements. These
requirements will need to be met, at least in part, by different
converter controls. An overview diagram of the converter
controls in this paper given in Fig. 14.

This section of the paper gives a brief discussion of
response of the original controls used in the converter
simulations and additions that have been introduced to
improve the power flow recovery. The converter’s power flow
recovery, shown in Fig. 15, was gradually improved from the
Original Response (OR) through the following steps. Details
of the system modeling are given in Section VII.

A. Original Response (OR)

The converter’s original power flow response to a dc
protective action is shown in Fig. 15, along with the
converter’s blocking signal. When a dc fault occurs resulting
in a large dc fault current relative to the maximum current
limit of the converter’s arms, the converter will be required to
block. The only cases where this would not happen, is when
the protection is fast enough or the dc side impedance is large
enough, to prevent a significant arm current.
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The converter remains blocked until the circuit breaker

V‘fﬂ Ed set
Pref/Qref ’dqser ol + 4 dq
Epeglize
qu/Qd‘q "‘“rdu
Vﬂl( ‘g
+| £
dq L 2 v,
- . w ndif f ref
ABC 4o 2 s
-1 3 — +
U
V,,; % Vm_ref

Tvmz

Fig. 14. Control system layout for power and current loops.
1000 /J(‘ ir -

e ¢
500 .5
S==c7e »

g
s 0
3 [‘74 Power_OR —Power_CCSC | 3
5‘500 I A —Power_Final Block_OR
/ —Block_CCSC ~ —Block_Final | 2
-1000
-1
-1500 0
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Time[ms]

Fig. 15. PCC power flow recovery and blocking signals for a range of
control strategies when subjected to a 0 km fault.

, K;
0 Sl iy dq Plant [3|4BC
A s ABC M DQ
+ v,
ndiff_ref
Lag aifr Ky
1

Fig. 16. DQ circulating current controller with two degrees of freedom.

recloses and the arm currents have decayed to a reasonable
value to allow the converter to continue operating. It can be
seen in the original response, additional blocking occurs after
the protection has reclosed. This is causes unnecessary
disturbance to the ac system.

B. Circulating Current Suppressing Control

In order to totally remove the unnecessary tripping of the
converter, a Circulating Current Suppression Controller
(CCSC) was added in the PSCAD simulations, the structure of
which is shown in Fig. 16. This allows the converter to have
control over the arm currents. The controller was designed
based around [21, 24]. The original transfer function was
based on [21] and the transfer function for the CCSC given in
(16). K; is the controller integral term, K, is the proportional
term. The CCSC’s Pl controller was modified to (17) using
the structure outlined in Fig. 16. The modified controller
response does not contain overshoots in arm current recovery
response, shown in Fig. 17. The improvement in the power
flow recovery can be seen in traces marked as “CCSC” in Fig.
15.

C. Final Control

In order to reduce the peak fault currents seen by the circuit
3

2
1 f\ /\
-
-
o
£ 0
s !

1

Org —Mod
-2
200 250 300 350 400

Time[ms]

Fig. 17. Comparison of Original and Modified arm current controller
performance during dc side pole-to-pole fault. Arm current shown is the upper
arm of phase a.

K; + Kps
Hor (s) = e (16)
s+ ( T p) s+
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breaker, and decrease the amount the SMs discharge, it was
decided that upon the detection of a fault the converter should
block. Providing fault detection occurs before the arm currents
rise beyond their limits, this blocking scheme reduces the
amount of sub module discharge. This reduced the time the
converter was blocked for, as shown in Fig. 15.

In order to improve the converter’s power flow recovery
further the following additions were made to converter’s
control loops: Anti-integral windup and resettable controller
integral terms.

Anti-integral wind up was added to mitigate the impacts of
controller saturation that were observed in the simulations.
Blocking decouples the system’s manipulated variables and
state variables. The manipulated variables are the converter
arm voltages. The state variables are driven by the power
system (ac grid or SM voltages etc). This means that while the
converter is blocked the integral terms drift away from their
desired values. The anti-integral windup and resettable
integral terms were added to mitigate this problem. This
reduces the amount of time the converter spent in the blocked
condition, as can be seen in the traces marked as “Final” in
Fig. 15.

D. Converter Blocking and Unblocking Signals

If the converter blocks during a dc side fault, then the
criteria for blocking and unblocking is an important part of the
protection system design.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 8

The criteria for unblocking a converter after a dc side fault
when circuit breakers are used has yet to be established, as this
has not been required in point-to-point systems, as fast (<10
ms) recovery is not required.

Unblocking quickly causes the submodules to discharge
into the dc line, as the dc grid voltage will be lower than the
normal dc voltage, post fault isolation.

Delaying unblocking, allows the ac grid to recharge the line.
Thus, when the converter unblocks, the discharge current
experienced by the submodules is lower, as the dc voltage is
higher, reducing the current in the IGBTs. Finding the right
conditions to unblock is an interesting and necessary area of
future research and influences the recovery of the converter.

For this paper the converter blocks once any of the arm
currents exceeds an internal maximum of 3.5 kA or if the fault
detection system confirms the presence of a fault, and will
remain blocked until the unblock criteria are met. The
converter will unblock when DC side current has reduced
below 0.1 kA and all the arm currents are below 2.5 kA. For
the parameters used in these cases studies, the fault detection
system is able to block the converter before the arm current
levels are violated.

VIl. CASE STUDIES

The MMC converter was modeled using a Detailed
Equivalent Model (DEM). The converter parameters are given
in Table I1. The converter arrangement is shown in Fig. 3. The
power traces are measured on the ac grid side of the
transformer at the PCC. The time period that the converter
spends in each stage is determined through simulation. The
terminal fault simulations provide verification that the above
analysis is correct for the terminal fault case.

The faults are detected by measuring the cable voltage and
generating a signal when this collapses below 80% of its
nominal value. A 1 ms delay is then added to this signal to
replicate the performance of a real fault detection system.

In each simulation the converter is subjected to a dc fault at
200 ms and the fault is detected 1 millisecond after fault
inception. The circuit breaker imposes a counter voltage 5
millisecond after fault inception. Then the circuit breaker
recloses once the dc fault current reaches zero. The converter
unblocks once all arm currents are less than 2.5 kA and the dc
line current is less than 100 A, at which point the converter
attempts to reestablish power flow. It is assumed that the
faulted section of the grid is isolated by other circuit breakers
in the dc grid, through the open grid philosophy.

The first simulations were performed to verify the pole-to-
pole fault analysis performed in Section V. The second set of
results show the control prevents unnecessary blocking of the
converter when it is subjected to a range of pole-to-pole fault
conditions. In each simulation the converter is delivering or
absorbing 1 GW from the ac grid it is connected to and power
is monitored at the Point of Common Coupling (PCC) in the
ac network.

A. Analysis Verification Study
Fig. 18 and Fig. 19 shows a plot of the fault current from a

0 km fault and a plot of the number of diodes conducting

Table 1
Case Study Converter Parameters.
Ve 600 kV Lq 45 mH
Vac L1 —rms 217 kV Ly 46.8 mH
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Fig. 18. Uninterrupted terminal fault (0 km) current for the converter
working in rectifier mode. Calculations are compared to fault current at each
switching event.

7 . ¥ .
@ 1@
1 1 )
6 ! @ i ; :
1 ! 1 i
5 1 ! 1
1 i
4 : : '
—_ g et
g3 ! ! :
= 1 1
g 2 : | I
= i m—————— o
31 : ! Idc - Simulation — = StageA
0 - —----StageB e Stage C
1 : ,’ Stage C - 2nd Stage D
- 1
b d Num of Diodes Conducting
-2 /
198 203 Time[ms] 208 213

Fig. 19 Uninterrupted fault current from a terminal fault (0 km). at the
inverter and a plot of the number of diodes conducting. Fault current is
compared to equations developed for each stage.
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Fig. 20 Fault currents for rectifying operation compared to the analysis
developed in Section IV.
within the converter, when the converter is acting as an
inverter and rectifier respectively. The number of diodes
indicates which stage the converter is in during its fault
sequence. PSCAD simulation and analytical results are both
shown. For Stage B, the equation has been compared to the
simulation over the time period where it transitions between
five and six diodes conducting, and vice versa. The equation is
still relevant in this configuration as the converter does not
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significantly influence the fault current when five diodes are
conducting. This may not hold true for all parameter ranges.

The results show a strong agreement between the simulation
and the analysis (when the analysis is evaluated assuming the
cable voltage is zero). The analysis for the case when five
diodes are conducting has not been included in this paper.
However, the amount the current changes during this stage is
minimal for the parameters in these simulations.

Fig. 20 shows that the predictions provide a strong guide -
line for estimating the fault currents which occur at a distance
from the converter. The traveling waves can increase the fault
currents above those in a 0 km fault; due to the negative cable
voltage increasing the rate-of-change of current. The
maximum and minimum currents expected during stage A are
shown. The maximum Stage A case is a theoretical limit, based
on a complete reversal of the cable voltage (V..p =- Vpc)[15].

B. Power Flow Recovery Study

The associated power flow recovery profile for each of the
fault current simulations is given in Fig. 21. The results show
that the converter power flow is recovers within 40 ms of the
fault inception, additional time is occasionally required for
faults which are further away when compared to the 0 km
fault, showing that the cable voltage influences the power flow
recovery profile. There is also no additional blocking of the
converter once the converter unblocks.

Fig. 22 shows that even though circuit breaker reduces the
dc line current to zero, and forces a change in current in some
arms, other arm currents remain significant. The arm currents
must be returned to within normal operating magnitudes and
orientation with respect to the other arms currents in order to
regain the initial power flow condition.

As part of the recovery process, energy must also flow from
the ac grid back into the dc system to recharge the cables. This
current inrush causes problems and is difficult to control with
the HB-MMC converter topology, and may result in converter
tripping. This inrush current can be seen to be oscillatory in
Fig. 22, and occurs due to energy flowing from the ac grid to
recharge the dc line. The unblocking criteria affect the
structure of this inrush current, as discussed in Section VI.D.

One major advantage of advanced MMC topologies (full
bridge or Alternate arm converter) will be their ability to limit
post fault inrush currents, or improve the recovery profile of
the power at the PCC [7, 25], although this feature is not
widely discussed. Other methods may attempt to use the dc
switch gear to limit these inrush currents [19].

C. Varistor Voltage Case Study

To highlight the impact the cable voltage has on the
recovery of the dc fault currents an additional case study has
been performed. In this case study the circuit breaker knee
voltage has been reduced to 220 kV, the lower limit defined
by (15) being 225 kV per breaker. The fault simulations were
then re-run over the range of fault distances.

A plot of the cable voltages during protective actions has
been given in Fig. 23 and the dc fault currents are plotted in
Fig. 24. The circuit breaker imposes a voltage across itself to
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Fig. 21. PCC power flow recovery and blocking signals over a range of
different faults.
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Fig. 22. Arm and dc line currents during protective action and fault
recovery.

800 MMC2 _0km ——MMC2_50km
600 —MMC2_100km —MMC2_150km !
MMC2_200km MMC2_250km |
_400 - N
>
=)
@200
S N
° >@:
0
= %0 \/ \‘
-200
-400
200 204 Time[ms] 208 212

Fig. 23. Cable voltages during breaking transient at various distances.
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Fig. 24. DC Fault currents with reduced varistor knee voltage.

oppose the flow of current at 205 ms. The cable voltage varies
due to travelling waves that are still propagating through the
dc grid, for faults that occur at a distance, with approximately
a 300 kV swing in cable voltage seen in the 250 km case. The
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traveling waves change the initial voltage at 205 ms which
will change the recovery process. The profile the cable voltage
takes will highly depend on the structure of the dc grid and
any other transients which may impact the dc cable voltage
during a protective action. In the worst case, a disturbance
could cause the cable voltage to become negative, preventing
the circuit breakers reducing the dc line current, resulting in a
slower power recovery or even a failure of the protection.

The impact this has on the dc current is shown in Fig. 24,
impacting the time current zeros occur and therefore the
recovery profile at the PCC, which is seen in the earlier results
in Fig. 21 where the power flow recovery takes longer for
faults at a distance.

VIIl. CONCLUSIONS

The HB MMC fault response needs to be described by a
sequence of fault responses, rather than a single fault response
due to the controlled and uncontrolled switching of the
converter’s power electronics. This paper has provided
generalized analysis to predict the dc fault current and how the
fault current is distributed among the converter arms. For
other converter topologies, the same process can be followed.

Once the time frames that the converter spends within each
stage of its fault sequence have been established, an analysis
of the dc fault current recovery process can be performed. This
paper presents an analysis for dc fault current recovery in one
of these stages, and provides an equation dictating the
minimum arrestor knee voltage for the dc circuit breaker.

During the recovery stage the dc fault current is reduced to
zero. However, this does not mean that the converter’s arm
currents have decayed to zero as well. The arm currents must
recover to reasonable values before power flow can be re-
established.

The converter control system needs to be designed to
encompass the additional requirements imposed by the dc
fault recovery process. This paper has presented a first
generation control method to remove unnecessary blocking of
the converter; however improvements to power flow recovery
need to be investigated further as this design may not be
suitable under all scenarios.

Faults on the dc cables are likely to impact the ac system for
a time period much longer than the time it takes to clear the
fault. Based on the results shown in this paper, the disturbance
exists for at least two cycles.

Traveling waves in the dc cables significantly influence the
fault currents seen by the circuit breaker and can result in
higher currents in many instances.
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